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^ (57) Abstract: Epoxides, aziridines, thiiranes, oxetanes, lactones, lactams and analogous compounds are reacted with carbon 
Q monoxide in the presence of a catalytically effective amount of catalyst having the general formula [Lewis acid]**{[QM(CO)J*"}, 
where Q is any ligand and need not be present, M is a transition metal selected from the group consisting of Groups 4, 5, 6, 7, 8, 
Q 9 and 10 of the periodic table of elements, z is the valence of the Lewis acid and ranges from 1 to 6. w is the charge of the metal 
^ carbonyl and ranges from 1 to 4 and y is a number such that w times y equals z, and x is a number such as to provide a stable 
^ anionic metal carbonyl for {[QM(CO)J^'}y and ranges from 1 to 9 and typically from 1 to 4. 
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CATALYTIC CARBONYLATION OF THREE 
AND FOURMEMBERED HEIEROCYCLES 

Cross-Refereace to Rehted Application 

This application claims the beaefit of U.S. Provisional Application No, 
60/336,170, filed Decegcober 6, 2001, the whole of TAiiich is incorporated herein by 
refeieace. 

Field of the Invention 

This invention is directed to catalytic carbonylation of epoxides, aziridines, 
thiiranes, oxetanes, lactones, lactams and analogous compounds. 

Background of the Invention 

Poly((i?)-P-hydroxybutyrate), ie., i?-PHB, a naturally occurring thermoplastic 
polyester, shares many of the physical and mechanical properties of poly(propylene) but 
imlike polypropylene is biodegradable. Despite proven properties and ready 
applications, industrial production ofR-FHB as a bulk polymer using biological methods 
has, to date, proven economically non-viable. Potential alternate syntlietic routes to this 
promising polymer include Baeyer-Villiger oxidation of an isotactic propylene/carbon 
monoxide copolymer, asymmetric hydrogenation of the unsaturated polyester from ring 
opening polymerization (ROP) of ketene dimer, and ROP of (i?)-P-butyrolactone (R- 
BBL). The first two routes involve post-polymerization modification of a polymer 
backbone, a diflScuIt and unreliable task. The third route uses the proven technology of 
lactone polymerization but presently the starting material i?-BBL is not a readily 
available coimnodity such as would be required for commercial polymer production. 
Thus, for commercial production of i?-PHB by the third route, there is a need for an 
efiBicient, effective, inexpensive process for producing i?-BBL. 
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Tle approach .vith tie most proHri^ for producmg^-BBListtecata^^^ 

^readityavaikbletl^oughJacobsea'shydrolj^oldneticr^^^^^^ 
Tofcanaga, M.; et aL, Science 277, 936-938 (1997). 

Drent, E., et al Etiropean Patent AppUcation No. 0577206 is directed to a 

process forthecarboaylation of e,^o^de« by reaction^carbon^no^dde at elevated 
pressure and temperature iathepresenceofacataly^ system coarq,risinga^^^^ 
cobaltandahydro^^substitutedpjddiuecompound Data is presented in Example 5 of 

European Patent AppHcationNo. 0577206 wherereactionpres^dtofiObarcaAon 
n^Boxideat75»Cfor6W,isindicatedto give 930/0 conversion ofpropyle^eoxM^ 
.vith a selectivity ofgreater than 90«/„ into P-butyrolactone(BBL). Ho^vever Lee T 
L.. et aL, J. Org. Chem 65, 518-521 (1999) and inventors herdn were unable to ' 
produce tie results of Drent and rather obtained low (15«/o) jdelds of BBL and 
significant amounts of midesired oBgomeric by-products. 

Lee, T. L., et aL, J. Org. Chem. 64. 518-521 describes the carbonyiation of 
propylene oxide using 900 pd CO at SO'C in dimelhoxyethane using a mixture of 
|Ph3P=N=PPh3][Co(CO)J and BF3.EtO as a catalyst to obtain a yield of 77o/o BBL 
(some a-methyl-p-propiolactone also was produced) in a 24 hour reaction. Ills result 
leaves room for consideration of oth« catalyst systems. 

Siinnnar^, "f ^he Invwifin,, 

ft has been fomid herein that the catalytic activity of the catalyst system used for 
carbonyiation of epoxides is mediated by modification of the cation therein ^d that use 
of a cationic Levvis add as the cation in the catalyst 

WhfletheBF3mti.ecatalystofLeeetaLisaLe^acid,itisaneutraILewisacid lie 
oationmtheLeeetaL catafy^systemis[Ph3P=N=PPh3rwhichisnotaLewisacid. It 
aspossiblethatacationic Lewis acid is fonned/«./^iathereactiondescribedinI>^^^ 
etaLEnropeanPatentApplicationNo. 0577206. Tie instant invention does not 

e^race the Drent etaLcataljtic system or any catalyst formed therefrom and in one 
-bset embraces only formation of cationic Le^^ds add extrinsic to the carbonyiation 
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reaction and charging substrate and catalyst and then reacting with carbon monoxide 
under pressure. 

In a preferred enibodiment herein, the catalyst system provides very high yields in 
short reaction time (e.g., yields greater tlian 95% BBL or 7?-BBL in less than 2 1/2 
hours). 

Furthennore, it has been found that the catalyst system herein is useM not only 
for carbonylation of i?-propylene oxide and propylene oxide but also for carbonylation 
of analogs of these and also for carbonylation of coixesponding four membered 
heterocycles. BBL and said carbonylation products of analogs may be polymerized to 
form polymers which may be used as additives to /?-PHB to modify the properties 
thereof Furthermore, resulting chiral lactones, lactams, tfaiolactones, y-lactones and 
anhydrides, etc. are usefiil in organic synthesis. 

An invention of one embodiment hereio, denoted the fbrst embodiment, is 
directed to a process for carbonylation of a conq)ound having the formula: 



where Ri, R^, Rg and R4 are selected from the group consisting of hydrogen, 
Ci-Cioo,ooo-alkyl, Q-Ciocooo-alkenyl and C^ioo,ooo-aryl, where the alkyl, alkenyl and aryl 
are optionally substituted with halogen or benzyl ether, and alkylaryl, ester, ketone, 
alcohol, acid, aldehyde, amide and tosyl containing from 1 to 20 carbon atoms, and 
benzyl ether, alkyl substituted silyl ether where the ether groiip is Cj-Cg alkylene and 
where tiie alkyl substitution consists of one to three Cj-Cg alkyl(s) substituted on silyl, 
and any other fimctionality that the catalyst referred to below is tolerant o^ and where 
where R2 and R4 can join to form a ring, and X is selected from the group consisting of 
O, S and MR^ where R5 is selected from the group consisting of hydrogen, 

Cioo,ooo"~3lkyI, C2-Cioo.ooo-alkenyl and C^Cioo.ooo-aryl where the alkyl, alkeffjd and aiyl 




2 



3 



(I) 
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alcohol, add, m^i^ ^ ».d«^ o»,«^4„, , ,„ ^ 

^^^^.^^ ^ of o..to fcee C,.C, .ytAi> ^ub^ed o. ^ 
■«i«^oaerii««™H,ya«a.«alys,,.feed,„M„wU,oleran,ofa.ddo«.« 

ooppnshg d,. «ep of .«cfcg oo,^„„ad 0) wift ortoo ™no«de m fl.o px«»« of a 
eatab^caHy effecSve amount of oatalj« having fl,e genial fcnnda (Lo™ 

»«talsekc,.dSomtli.g,o„poon^g„f„.„^<„^„fO^^^^ 16 7 8 9 

and 10 of p.riodi. tabte of el« and z is 4. vataco of fl,e Le™. acid ind «nges 

&om I "'^wisfl,.c*a,,cof4en«alc.rbo.,^a.d™gcsftoa. I,„4andisnsually 
I, y . a „nmb« .OA a>a. w Anas y ^ , ^ , i,. ^ ^ 

^able amonic n>e,al caAonjl for {[QM(COin, «.a.™.g« from I ,o 9 and typicdh, 
a™ 1 to 4, tofbmapiodnct havingtbe stmctaoJ AmnJa: 




>3 

«»Te K,, B, and R, and X cotre^ond to R,. R,, R,, R, and X in (D inchding R, and 

R.S««gaiingiftha,istbecasafor(I),andinttecase«ker,nfor(I)isO,n6r(n) 
«.Oorl,andinftoc.sc«berenfor(I)isI.nfor(n)isl;s.idca,atys,e«a„di.. 
catalyst fcnnad fion, 4, eombination of a cobalt source and . hydro>g. substi^tted 
pyridine. 

nie alkyls include branched as wefl as straight chain alkyls. 

Ca-C,,,o,alkyI,C,-C,«,„„ancenylandC^C,„,^aiylnsedi^ p p 

R.andI^anowfortheheterocydesbdngp»danttopolyn.rs;whered.elxeter;^^^^^ 
arenotpendanttopoI^e..therangeferalkylcanbe.fbre^,eC,C.,.t,er^^^ 
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for aBceayl can be, for example, Cj-C-jo, and the range for the aiyl can be, for exaiaople, 

^6-^20- 

The term 'lialogen" inchides fluorine, chlorine, iodine and bronune. 

The term "any other fiinctionality that the catalyst referred to below is tolerant 
of is used herein to mean that the functionality can be present without causing the 
catalyst to be inactive. 

The term "does not cause rearrangement" excludes the case where one or more 
moieties, particularly R5, become part of or the ring that is formed, e.g., in the case 
where R5 is benzoyl as is demonstrated below, or otherwise change the order of 
connectivity inherent in the starting heterocycle excluding the insertion of C=0 
fimctionality as defined above. 

The term "such as to provide a stable anionic metal carbonyl for 
{[QM(CO)J^}/^is used herem to mean that {[QM(CO)J"^}y is a species 
characterizable by analytical means, e.g., NMR, IR, X-ray ciystallography, Raman 
spectroscopy and/or electron spin resonance (EPR) and isolable m catalyst form as the 
anion for a Lewis acid cation or a species formed in situ^ excluding those that may result 
from the combination of a cobalt source, carbon monoxide and hydroxy substituted 
pyridines as set forth in Drmt et al European Patent Application No. 0577206. 

In a subset of the iuvention of the first embodiment of the hrvention herein, at 
least one of R^, R^, and R4 is not hydrogen. 

In the subset of the first embodiment of the inv^tion where n for (I) is 0 and n 
for (H) is 1, epoxide or analog is doubly carbonylated, arriving at the resultant anhydride 
or analog without the necessity of isolating the intermediate lactone or analog, thus 
providing a so called "one pot" reaction. 

In a subset of the invention of the first embodiment of the invention herein, the 
catalyst is added catatj^st, ie., is not formed in situ in the carbonylation reaction. 
A preferred catalyst has the stmciural formula: 
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where So is tetrahydrofUran and TBu is t-butyl and M is Al or Cr. This catalyst where M 
is Al is referred to herein as Catalyst (G). 

Another preferred catalyst has the structured formula: 



(vn) 



THF 

where THDF is tetrahydrofuran and "Bu is t-butyl and M is Al or Cr. This catalyst -wdiere 
M is Al is referred to as catalyst (E'). 

Still another preferred catalyst has the structural fomuik: 



-Co(C0)4 \.S, 




(X) 



vAisiQ So is tetrahydrofuran and *Bu is t-butyL This catalyst is referred to as catalyst 
(H). 

Still another preferred catalyst has the structural formula: 
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where So is tetrahydrofiiran and Ph is phenyl This catalyst is referred to as catalyst (J). 
Still another preferred catalyst has the structural formula: 




where M is titanium with a valence of thiee. This catalyst is referred to as catalyst 
Still another preferred catalyst has the structured formula: 




where M is samarium with a valence of three. This catalyst is referred to as catalyst 

Aaother embodiment of the mvention denoted the second embodiment is directed 
to the case, where the cornpound carbonylated has the structural formula: 




where Ph is phenyl, and the process comprises the step of reacting con:q)ound (XI) with 
carbon monoxide in the presence of a catalyticaDy effective amount of catalyst having 
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the general formula [Lewis acid]^{[QM(CO)J^}y \vhere Q is any Hgaud and need not 
be present, M is a transition metal selected from the group conasting of transition metals 
of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic table of elements and z is the valence of 
the Lewis acid and ranges from 1 to 6, w is the charge of the metal carbonyl and ranges 
from 1 to 4, andy is anumber such that w times y equals z and x is a number such as to 
provide a stable anionio metal carbonyl for {[QM(CO)J'^}y and ranges from 1 to 9 and 
typically from 1 to 4, to form a product which conqprises a mixture of • 




The compound pO) has the stractmal formula (I) where n is 0, X is NRj and is 
benzoyl In this case R5 participates in rearrangement whereby the carbonyl of 
becomes part of the ring of the product and the Ph of R5 becomes directfy bonded to the 
ring of the product. 

A third embodiment of the invention is dnected to novel catalysts useful for 
carbonylation reactions of the first and second embodiments of the invention. 

One genus of novel catalysts for the third embodiment con:^)rises compounds 
having the structural formula: 




where *Bu is t-butyl and M is Al or Cr and So is a neutral two dectron donor. A 
preferred catalyst of this genus has the structural foiraula (V) vvhere M is Al and the 
neutral two electron donor is tetrahydrofuran and is referred to as catalyst (G). 
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AnotJier genus of novel catalysts for the third embodiment conq)rises compounds 
having the structural formula: 

*Bu So 




cm 



where *Bu is t-bntyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the structural formula (VTH) where the neutral two electron donor is 
tetrahydrofiiran and is referred to as catalyst (B). 

Another genus of novel catalysts for the third embodiment comprises conq)ounds 
having the structural formula: 




where ^u is t-butyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the formula (DC) where the neutral two electron donor is tetrahydrofuran and 
is referred to as catafyst (F). 
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Also included in the third embodiment is the compound having the structural 



formula: 



% .Co, 



(vn) 




where "Bu is t-butyl, THF is tetrakydro&ran and M is Al This coii5)ound is referred to 
as catalyst (E^). 

Another genus of novel catalysts for the third embodhnent con^rises con5)oiinds 
having the structural forrauk: 



•Co(CO)4 




(X) 



T\^iere *Bu is t-bittyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the stractural formuk (X) where the neutral two electron donor is 
tetrahydrofiiran and is referred to as catalyst (H). 

Still another genus of novel catalysts for the third embodiment ooicpiises 
co0q>ounds haviag the stractural fonnula: 
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where Ph is phenyl and So is a two electron donor. Aprefen*ed catalyst of this genus 
has the structural formula (XL) where the neutral two electron donor is tetrahydrofiiran 
and is referred to as catalyst (J). 

Further variation of metal and ligand architecture will be obvious to those skilled 
in the art. 



Brief Description of the Drawings : 

EtG. 1 shows NMR data for Catalyst (G); the y-axis for the figure is arbitrary 
intensity. 

Detailed Description : 

We turn now to the conapound to be caibonylated in the first embodiment which 
has the formula: 




a) 



wliere Rj, Rj, Rj and are selected fi'om the group consisting of hydrogen, 
Ci"Cioo,ooo-alkyt Cj-Cjoo^ooo-alkenyl and C^joo,ooo-^aryl, where the alfcyl, alkenyl and aryl 
are optionally substituted with halogen or benzyl ether, and alkylaryl, ester, ketone, 
alcohol, acid, aldehyde, amide and tosyl containing fi:om 1 to 20 carbon atoms and 
benzyl ether, alkyl substituted silyl ether where the ether group is C^-C^ alkylene and 
where the alkyl substitution consists of one to three Cj-C^ alkyl(s) substituted on silyl 
and any other functionality that the catalyst refened to below is tolerant oJ^ and where 
Rz and R4 can join to foim a ring and X is selected firom the group consisting of O, S and 
NR5 where R5 is selected fi-om the group consisting of hydrogen, Ci-Cioo,ooo"alkyl, C2- 
Ciocooo-alkenyl, and C^Cjoo^ooo-aiyl vviere the alkyl, alkenyl and aiyl are optionally 
substituted with halogen or benzyl ether, and alkylaiyl, ester, ketone, alcohol, acid, 
aldehyde, amide and tosyl containing fi-om 1 to 20 carbon atoms, and benzyl ether, alkyl 
substituted silyl ether where the ether group is Cj-Cg-alkylMie and where the alfcyl 
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substitutioa consists of one to three alkyKs) substituted on sfly; and any other 
fonctionalityHiatthe catalyst referred to below is tolerant of and does not canse 
reairangemeut and where n is 0 or 1, and Y is C=0 or CR,. 

We turn now to the examples of compound (I) where n is 0 and X is O, ie 
which are epoxides. The compound (T) of most interest herein is R-propylene oxidl ie 

compomid 0) where X is O and is H, R, is H, R3 is (R>-Me and R, is H, since 
caibonyiation of that con„om,d herein provides R-BBL. Other monocyclic epoxide 
compounds (I) herein include, for example, ethylene oxide (con5.omid (I) where n is 0 
and X is O and R, is H, R, is H, R, is H and R, is H), propylene oxide (con5>ound (X) 
where b is 0 and X is O and R, is H, R, is H, R, is Me and R, is H); l-buteae oxide v^dx 
also may be named 1,2-epoxybutane (compound (D ;^ere n is 0 and X is O and R, is H, 
R.isH,R3isEtandR,isH); l-heptene oxide (compound (I) ^ere n is 0 and X is O 
and R, is H, R, is H, R, is CA, and R, is H); isobutyiene oxide (con^omid (I) ^ere n 
is 0 and X is O and R, is H, R, is H, R, is Me and R, is Me); 2.3-epoxybutane 
(compound a) ^ere n is 0 and X is O and R. is H. R, is Me, R, is Me and R, is H); 
epichlorohydrin (compomid (D^ere nis 0 andXis O and R, is H, R, isH, R, is CH,C1 
and R, is H); and q)ibromohydrin (compound (I) where n is 0 and X is O and R^ is H, R, 
is H, R3 is CJI,Br and R, is H); 1.2-q,oxy.5.hexeae (compomid (I) where n is 0 and X is' 
O and R, is H, R3 is H, R, is H and R, is -(CH^CH=Ciy ; and benzyl glycidyl ether 
which has the fonmila: 




Le., confound (I) ^ere R, is H, R, is H, R, is CH,OCH,Ph and R, is K Exan„Ies of 
bicyclic epoxides for conq,ound (1) mclude, for example, cydohexeae oxide (compomxd 
(D where R, is H. R3 is H, and R, and R, form -(CH^K cyclopeutene oxide (confound 
(I) where R. is H, R, is H and R, and R, fonn -(CI^., cyclooctene oxide (compomid 
(D where R, is H, R3 is H and R, and R, fom .(Ciy,.) and cyclododec^e oxide 
(compound (0 where R, is H, R, is H and R, and R, fonn -(CH,),-). These monocycUc 
and bicychc epoxides are afl avaikble commerdalfy. 
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We turn now to exaiiq)les of compoimd (I) wliere n is 0 and X is NR^ where R5 
is selected from the group consisting of C^-C^QQ^QQfrBJkyl, Cj-Ciocooo-alk^^iyl ^nd 
Cr-Cioo,ooo-aryl, wheie the alkyl, alkenyl and aryl ai-e optiojiaDy substituted with halogen 
or benzyl ether, and alkylaryl, ester, ketone, alcohol, add, aldehyde, amide and tosyl 
containing from 1 to 20 carbon atoms and benzyl ether, alkyl substituted sQyl ether 
where the ether group is Ci-C^-alkylene and where the alkyl substitution consists of one 
to three Cj-C^ a]kyl(s) substituted on silyl, and any other fimctionality that the catalyst 
referred to below is tolerant of and does not cause rearrangement. These compounds 
are aziridines. These include ethyl ethyleneimine, also denoted 2-ethylaziridiDe, 
(compound (I) where n is 0 and X is NH, Rj is H, R2 is H, is Et and R4 is H) which is 
commercially available. Other aziridines usefbl herein, which are commercially available, 
are listed in Aldrichimica Acta 2001, 34(2); these are cis-2,3-diphenyH-propylazLridine; 
trans-2,3-diphenyH-propylaziridine; cis-l-isopropyl-2,3-diphenyla2iddine; trans- 1- 
isopropyl-2,3-diphenylaziridine; 2-methyla2iridine; cis-l,2,3-triphenylaziridine; 1- 
a2aidineethanol; l-ben2yl2-methyl(S)-(-)-l>2-aznidinecarboxylate; (S)-(+)-2-ben2yl-l- 
(p-tolylsuIfonyl)aziridme; methyl (S)-(-)-l-trityl-2-azuidinecarbo7sylate; and 
trimethylolpropane tris(2-methyl-l-aziridinepropionate). Another aziridine useful herein 
is l-benzyl-2-methyia2iridine, Le,, compound (I) vJhesrQ n is 0 and X is NCH2 (CgHj), 
isH,R2isH,R3isH and R4 is Me; this conq>ound can be made as described in Piotti, 
M.E., et al, I Am Chem Soc. 118, 111-116 (1996). Still another aziridme usefidherein 
is 7-benzyl-7-azabicyclo[4. 1.0]heptane; i.e., compound (I), where n is 0 and X is 
NCH2(CgH5), Rj is H, R3 is H and R2 and R4 are linked by -(CH2)4-; this coropound is 
made in Background Example 1 hereinafter. Still another aziridine useful herein is 1- 
tosyl-2-methylazridine (compound (I) where X is NOS(=0)2C7H8, RiisH^R^isHRais 
H and R4 is Me; this compound is made is Background Example 2 hereinafter. Still 
another aziridine useful herein is cis-l*benzyl-2-(tert-butyldimethylsil3do7cymethyl)-3 
aziridine (con:q)ound (I) where X is NH, R^ is CH2C5H5, R2 is H, R3 is H and R4 is 
CKjOSi(CH3)2[C(CHs)3]; this compound is made as described in Hotti, M.E., et aL, J. 
Am. Chem. Soc. 118, 111-116(1996). Other azhidinesusefiil herein are available 
throu^ well established synthetic routes, for exanq)le, from epoxides via liig opening 
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a piimaiy amine and ring closure with ethyl diazoacetate or from aJkanes with R- 
N-N-R uang a copper catalyst. 

Wetmnnowtoexamplesofcompoijnds(I)wherenisOandXisS. Ttese 
oomponnds are thiiranes. TTiiiranes useful hereia that are commerciany available include 
al^hatic thiiranes (Jut are coinmerdalfy available in gram to kilogram quantities, e.g., 
propyleae sulfide, epithiochlorohydrin and isobutylene sulfide. A nmnber of other 
fimctionality substituted (ie., esters, acids, amides, ketones, etc.) thiiranes are also 
available although many of those only in sub-gram quantities. 

We turn now to examples of compounds (I) where nislandXisOandYis 
Caa,. These compomids are oxetanes. An oxetaneusefid herein has lie structure (I) 
where ^ is 1 and Y is CH, and R,, R,, R, and R, are H and is denoted oxetane and is 
available commercially. Other oxetanes are commercially available or can be made by 
standard procedures in the chemical literature. 

Wetmnnowto examples of compounds (I) where X is O , nis 1 and Vis OO. 
TTiese compomids are lactones. Lactones usefij herem inchxde those having the 

structure (D ^ere X is O. n is 1 and Y is OO ^ere R„ R3 and R, are H and R, is Me. 
Et or CCI3 or where R,. R, and R, are H and is Me or Ph; these conq^ounds are 
available commercially. Olier lactones can be made by the process described herein or 

as described in references dted in Mahadevan, v., etal,AngewChemInt Ed 41 No 
15, 2781-2784 (2002) and Getder, Y. D.Y.L., et al. J. Am. Oiem. Soc. 124, No 7 
1174-1175(2002). 

We turn now to examples of compounds (I) where X is NR., n is 1 and Y is 
C=0. These compomids are denoted lactams. These compomids" are commercially 
available or can be made by theprocess outlmed herem or by other processes described 

in the cheinical literature. 

Compomids (I) where X is NR., n is 1 and Y is CI^ are azetidines. Hie 
compomid where R, is H, n is 1, Y is CH, and R,, R, R, and R, are H is commercially 
available. Others can be synthesized. 

Conqjomxds (D where X is S, n is 1 and Y is 0=0 are thiolactones. Synthesis of 
some of these can be carried out as described in the chemical literatm-e. 
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Coixpoimds (I) where X is S, n is 1 and Y is CHj are thietanes. The coinpoiuid 
where X is S, a is 1, Y is CBL^ and R^, R^, Rg and are H, is commercially available. 
Others can be synthesized. 

We torn now to the processing conditions for the method of the first 
embodiment, Le., the step of reacting the compound (I) with carbon monoxide in the 
presence of a catalytically eflfective amount of catalyst having the general formula [Lewis 
acid]'^{[QM(COy''}y where Q is any ligand and need not be preset, M is a tiansition 
metal selected fiomthe group consisting of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic 
table of elements, z is the valence of the Lewis acid and ranges from 1 to 6, for example 
is 1 or 2, w is the charge of the metal carbonyl and ranges from 1 to 4 and usually is 1 
and y is a number such that w times y equals z, and x is a number such as to provide a 
stable anionic metal carbonyl for {[QM(CO)J'^}y and ranges from 1 to 9 and typically 
from 1 to 4. 

The reaction^eguation is: 




where R^^ R^^ R4, X, Y and n are as defined above. 

The reaction is carried out at a tencperature ranging from C'C to 120**C, 
preferably from 40 to 80 °C. 

The mole ratio of CO to compound (I) should be at least 1:1 because of 
stoichiometry. 

The reaction can be driven by a high concentration of CO. One way of 
accompHshing a high concentration of CO is to use high pressure CO, ie., an amount of 
CO to impart a pressure ranging from 100 to 10,000 psi, preferably from 75 to 1,200 
psL 

We turn now to the reaction catalyst. As indicated above, the reaction catalyst 
has the general formula [Lewis acid]'^{[QM(CO)J'^}y where Q is any ligand and need 
not be present, M is a transition metal selected from the group consisting of transition 
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metals ofOrovps 4, 5, 6, 7. 8, 9 and 10 of tte periodic table of elements, z is the valeace 
of the Lewis add and is 1 or 2, w is the charge of the metal carbonyi and ranges from 1 
to 4 and usualfy is 1 and y is a nmnber such that w times y equals z and x is a number 
such as to provide a stable anionic metal carbonyi for {[QM(CO)J*^}y and ranges from 
1 to 9 and typically from 1 to 4. 

As indicated above, the catalyst ia one subset is refened to as added catalyst. 
The term "added" means that the catalyst is foimed extrinsic to the caibonj^ation 
reaction and is char ged to the reaction before, during or after pressurization. 

We turn now to the [Lewis add]^, ie., to the cationic Lewis add portion of the 
catalyst. The term ''Uwis add" is used to mean an electron pair acceptor that can 
combine with a molecule or ion that is an electron pair donor forming either covalent or 
coordinative bond(s), and the term "cationic Lewis add" is used to mean a Lewis acid 
that has one or more positive diarges. Preferably, die cationic Lewis add portion of the 
catalyst contains a metal, e.g., ahmmnm or chromhim, and a neutral two eledron donor 
^diiscoordinativetyorcovalentlyboundtoaiemetaL The neutral two eledron 
donor has the fenction of filling the coordination valence of the cationic Lewis acid. In 
the oatafysts B, E', n\ F, G, H and J made herein, the neutral two electron donor is 
teh-ahydrofhran (THF) and is an artifect from the catalyst synthesis. Other neutral two 
electi-on donors for the cationic Lewis add portion of the catalyst besides THF, mchide, 
for example, diethyl ether, acetonitrile, carbon disulfide or pyridine. In the catalyst 
synthesis, tiie neutral two electron donor can be provided as the reaction solveot vM(Ai. 
can be added before or with or after the other reactants but is preferably added so as not 
to disturb the ahr free environment whidi is preferred for catalyst synthesis. Cationic 
Lewis add portion of catalyst without a neutral two electron donor is also possible and 
can be provided by synthesizing the catatyst in a reaction solvent whidi is not a neubral 
two electron donor providing solvent or by heating catalyst where the cationic Lewis 
portion of catalyst contains a neutral two eledron donor. 

We turn now to the anionic portion of tiie catalyst which is {[QM(CO)J'^}y 
where Q is any ligand and need not be present, M is a transition metal selected from the 
group consisting of transition metals of CSroups 4, 5, 6, 7, 8, 9 and 10 of the periodic 
table of elements, z is the valence of tiie Lewis acid and is 1 or 2 or more, w is tiie 
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r charge of the metal carbonyl and ranges firom 1 to 4 and is usually 1, y is a number such 
that w times y equals z and x is a number such as to provide a stable anionic metal 
carbonyl for {[QM(CO)J'^}y and ranges from 1 to 9 and typically from 1 to 4. When Q 
is not present, the metals of Groups 7 and 9 are preferred. The metals of Group 7 
inchde, for example, nmganese. The metals of Group 9 include cobalt, rhodium and 
iridium. A very preferred metal M is cobalt. We turn now to the optional constituent Q 
which is any ligand; the term 'Tigand" is used to mean any discrete species that could 
have existence separate from the tran^tion metal M. Suitable constitumts Q inchide, for 
exanaple, tr5)henylphosphine, cyclopentadienyl (Cp), and pentamethyl cyclopentadienyl 
(Cp*). Ligated metal carbonyl anions are readily accessible, in one step through well- 
known chemistiy, e.g., by reduction of Co2(CO)g which is commercially available. 

The reaction catalysts are preferably formed in an air-free environment using 
standard glovebox and Schlenk-type techniques. 

Ihe catalysts where w is 1 and y is equal to z and z is 1 are formed by the 
reaction of [Lewis acid]-X with [QM(COX]-Y Tdiere X is any leavmg group and Y is a 
moiety that will fonn a salt with X or, alternatively, the catalysts where z ranges from 1 
to 6, for example is 1 or 2, are formed from a redox reaction of [Lewis acid*^] and 
z/2Q2M2(CO)2;, to fonn [Lewis add ^"^'^^^{[QM(CO)J"}^ where m is the oxidation 
state of the metal, z is both the valence of the Lewis acid and the number of anions 
associated wth it and ranges from 1 to 6, for example is 1 or 2, M is a transition metal 
selected from the group consistmg of tiansition metals of Groups 4, 5, 6, 7, 8, 9 and 10 
of the periodic table of elements, and x is the number required to form a stable axiiomc 
carbonyl for {[QMCCOy}^. Complexes of the type [QM(CO)J-Y can be made by the 
reduction of the anionic species [QM(C0)J2 where Q, M and x are as defined for 
([QM(C0)J"}2. species [QM(C0)J2 ii many cases are commercially available. 
Reducing agents include sodium amalgam and as described in Edgell, W. F., et aL, Inorg. 
Chem. 1970, 9, 1932-1933, sodium hydroxide. His method was used in the synthesis of 
catalyst D (Catalyst Malting 3, hereinafter). 
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Qae genus of preferred catalysts herein have the structure: 




where M is a metal such that (VI) is stable where stable means that the catalyst remains 
active for the course of the reaction. M can be, for examph, titanium with a valence of 3 
(catalyst (G^)), samarium with a valence of 3 (catalyst (G^)), lanthanum with a valence of 
3 or hafeium with a valaice of 3. Catatyst (G^) can be made as described in Merola, 
IS., et aL Ihorg. Chem 28, 2950-2954 (1989) as well as Merola, J.S., et al, Inorg. 
Chim. Acta 165, 87-90 (1989). Catalyst (&) can be made as described in Evans, W. X, 
et aL, Inorg. Chem. 24, 4620-4623 (1985) as well as, in Evans., W. J., et al, I Am 
Chem Soc 107, 941-946 (1985). Other catalysts (VT) can be made in corresponding 
&shion. 

Another catalyst herein is catalyst (G) described above. The synthesis of 
catafyst (G) is described in Catalyst Making Example 1 hereinafter. Catalyst (G) may be 
refenred to as [(sa]ph)Al(THF)J[Co(CO)4] where salph is N,N'.bis(3,5-di-tert- 
bulylsalicyfidene)-l,2-phenylenediamino. 

Other catalysts for use herein are the catalysts denoted herein as catalysts B, D, 
E\E\F,HandJ. 

Catalyst (B) has the formula: 
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where THF is tetrahydrofuran and *Bu is t-butyl. The synthesis of Catalyst (B) is 
descaibed in Catalyst Maldng Example 2 hereinafter. Catalyst (B) was very active but its 
synthesis as described in Catalyst Maldng Example 2, has been difficult to replicate. An 
alternative route is the route to make catalyst (F) which is described in Backgiound 
Example 6 hereiaafier. 

Catalyst (D) has the formula [NanCo(CO)4r The synthesis of Catalyst (D) is 
described in Catalyst JJxarcple 3 heremafter. 

Catalysts (E^) and (E^) have the formuh: 



where THF is tetrahydrofiuiUi and *Bu is t-butyl and M is Al for Catalyst (B}) and M is 
Cr for Catatyst (&). The synthesis of Catalyst (E^) is described in Catalyst Making 
Exmxplt 4 hereinafter. The synthesis of Catalyst (E^) is described in Catalyst Making 
Example 5 hereinafter. 

Catatyst (F) has the formula: 



where THF means tetrahydrofiiran and ^u is t-butyL The synthesis of catalyst (F) is 
described in Catalyst Maldng Exsaaph 6 hereinafter. 
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Catalyst (H) has tiie fonmila: 



•Co(CO)4 




where So is tetrahydrofuran and 'Bu is t-butyL Ihe synthesis of Catalyst (H) is described 
in Catatyst Making Exsnsph 7 hereinafter. 
Catalyst (J) has the fommla: 




where So is tetrahydro&ran and Ph is phenyl lie synthesis of catalyst (J) is described 
m Catalyst Making Exaniple 8 heremafter. 

An example of a catalyst Tvhere z is 2 is [(salen)M]^lCo(CO) J," where salen is 
any t^coordmate dianionic ligand synthesized from a diaroiae and two eqmvalents of a 
2-hydroxybeiizaMehyde, which can be made from reaction of one equivalent of 
(saIen)Snm with one equivalent of Co,(CO)3 and M is a metal The (salen)SnW is readfly 
obtakable from [(Me^Sr), N], Sn and (salen)H, where (saleu)H, is the protonated form 
of the Kgand as shown in Ruchta, et al, ICS. DaUon Trans. 20, 3559 (1999). 

For the catalysts [Lewis acid]^{[QM(CO)J-)y, other Lewis adds besides what 
are iUustrated above and their synfliesisi will be obvious to those ddfled m the art. 

The mole ratio of conq)ound (I) charged to catalyst charged, can range, for 
exaiBple,from 1:1 to 10,000:1 and preferably is 100:1 to 2,000:1 and the best ratio 
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enviaoned is 1,000: 1. A mole ratio of 100: 1 was foxmd to give the best conversioiis but 
approximately 1,800:1 ^es much better activity. 

We turn now to the solvent for the reaction. He reaction may be carried out 
neat, te., without added solvent and where the compound (I) is the reaction vehicle to 
reduce waste disposal requirements as well as to simplify purification. If the reaction is 
not carried out neat, it may be carried out in diglyme, triglyme, dimethoxyethane 
(denoted DME hereinafter), or preferably in tetxahydrofuran, or may be carried out in 
any solvent hi which catalyst, substrate and product are all soluble. 

In the case where the compound (I) is a monocyclic epoxide and a single 
carbonyl is mtroduced, the reaction product of interest is a P-lactone. The terminology 
"P-lactone" is because the lactone can be formed by dehydrative lactonization of a P- 
hydroxy acid. In tiie case where the epoxide is bicyclic, there is no common name such 
as P-lactone and lUPAC would name the product according to bicyclic nomenclature. 
For example, the product of the carbonylation of cyclohexene oxide would be called 7- 
oxa-bicyclo[4.2.0]octan-8-one. Tlie products of carbonylation of cyclooctene oxide and 
cyclododecene oxide are respectively called 9-oxa-bicyclo[6.2.0]decan-10-one and 13- 
oxa-bicgrclo[10.2.0]tetradecan-14-one and are products made in carbonylation Examples 
XLI and XLII and are embodiments of the invention herein. 

In the case where the compoimd (I) is a monocyclic aziridine and a single 
carbonyl is introduced, the reaction product of interest is a P-lactam. 

In the case where the compound (I) is a monocyclic oxetane, the reaction 
product of mterest is a Y-lactone. 

In the case where the confound (I) is a monocyclic thiirane and a single carbonyl 
is introduced, the reaction product of interest is a tiuolactone. 

lathe case where the compound (I) is a monocyclic lactone, the reaction product 
of interest is a cyclic acid anhydride. 

In the case ofthe compound (I) whereXisNRj, nis 1 and Yis CH^ and the 
con^)ound (I) is monocyclio, ie., where the compound (I) is a monocyclic azetidine, the 
reaction product of interest is a Y-lactam 
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In the case of the con5)oimd (I) where X is NR., n is 1 and Y is C=0 and the 
con?)ound 00 is monocydic, ie, vAere the confound (I) is a monocycHc P-lactam. the 
reaction product of interest is a 2,5-pytrolidittedione. 

In the case where the compoimd (I) where X is S, n is 1 and Y is C=0 and the 
compound is monocycfic. Le., ^ere the compound (I) is a monocycEc thiolactone. the 
reaction product of mterest is a cycUc anhydrosulfide. 

In the case of the compoimd (I) where X is S, n is 1 and Y is CH^ and the 
compound (I) is monocycHc, ie., where the con5)ound (I) is a monocyclic thietane, the 
reaction product of interest is Y-tMolactone. 

The yield of product of interest is determined from two components, ie., Hie 
percent of con5)ound (I) consumed, andthepercettt selectivity which is product of 
interest as a percentage of all products, and the percent conversion times p^-cent 
selectivity gives yield percent He yield perceuts obtained were related to catafyst and 
compound (I). For propylene oxide and ^-propylene oxide, catalyst (G) givepercents 
conversion of 95% with selectivity greater than 99%. For propylene oxide, Catalyst (B) 
giveis percent conversion of 99% and percent selectivity greater than 99%. 

The time of reaction is a parameter affecting perceat yield. In general, times of 
reaction can range, for example, from 15 minutes to 96 hours. The prefeired time of 
reaction for Catalyst (G) is one-half to 2 and one-half hours except where compound (I) 
was epidilorohydrin a time of 8-12 hours was more appropriate. 

We turn now to the case where n for (I) is 0 and n for (H) is 1, and epoxide or 
analog is doubly carbonylated arriving at the resultant anhydride without the necessity of 
isolating the intermediate lactone or analog, thus providing a so-called "one pot" 
reaction. The reaction condition mainly affecting this is time of reaction. In other 
words, sufficient time is provided &)i a first caibonylation reaction to proceed to a finish 
whereupon sufficient fiirther time is provided for the second carbonylation to be 
eflfected. Also reaction ten^jerature, mole percoit catalyst, catalyst used, substrate used 
and solvent could influence conversion and selectivity. 

The p-lactone products can be converted to polymers with metal alkoxide 
catalysts. See Rdth, L.K. et al, J. Am. Chem Soc. 2002, paper accepted for 
pubfication. See also Muller, K M., et al, Angew. Chem Int. Ed. EngL 1993, 32, 477- 
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502 and references cited therein. See also the following in respect to polymerization of 
P-lactones: Kurcok, P., et aL, Macromolecules 1992, 25, 2017-2020; Hon, Y., et aL, 
Macromolecules 1993, 26, 5533-5534; Le Borgne, A, et al, MacromoL Rapid 
Commun. 1994, 15, 955-960; Lenz, K W., et aL, Can. J. MicrobioL 1995, 41, 274-281; 
Cheng, M,, et al, J. Am Chenou Soc. 1998, 120, 11018-11019; and Schechtman, L. A., 
et aL, J. Polym. Prepr. (Am. Chena. Soc, Div. Polym. Chem.) 1999, 40(1), 508-509. 

The utility of the product from polymerization of i?-BBL, namely i?-PHB, is 
described above. Copolymers with lactones other than i?-BBL give the ability to 
mediate the propeities of the resultant polymer, e.g., plasticity, barrier properties and 
rate of degradation. The lactones, particularly chiral lactones, are also useftd as 
synthetic intermediates in organic chemistry (e.g., see GeHsxian, S. H, Cbem Res. 31, 
173 (1988); and Seebach, D., et aL, Chem Common. 2015 (1997) which refers to chiral 
lactones as aldol analogs. 

The lactam products can be converted to polymers with metal anion or metal 
amide catalysts. The po^rmers are called poly(lactam)s and have also been called poly- 
beta-peptides, and have been discussed in the hterature as *1)iomimetic materials." See, 
for example, Magriotis, P. A, Angew. Chem Int. Ed. EngL 2001, Vol 40, 4377-4379. 

Products from polymerization of lactams, have utility, for exan^le, for drug 
delivery. The lactams themselves may be used ui antibiotics. 

The thiolactone products (also called 4-a]kyl-thietan-2-ones) can be converted to 
polymers or copolymers. For example, a copolymer of BBL and 3-mercaptopropionate 
(the thiolactone from the carbonylation of ethylene sulfide) can be prepared; the 
copolymer has modified properties from those of poly(P-hydroxybutyrate). 

The Y-lactone and anhydride products for carbonylation of coiic5)ound (I) where 
n=l and analogs thereof have utility for the field of chemistry. . 

We turn now to the second embodimeaot of the invention herein which is directed 
to a process for the carbonylation of a corqpound haviag the formula: 
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said process comprisiag the step of reacting coii?>oun<i (XT) with caAon monoxide in 
the preseace of a catalyticaEy effective amomt of catalyst having lie general formula 
[Lewis acid]^{[QM(CO) J'^}^ where Q is any ligand and need not be present, M is a 
transition metal selected fiom the group consisting of transition metals of Groups 4, 5, 6, 
7, 8, 9 and 10 of the periodic table of elements and z is the valence of the Lewis acid and 
ranges from 1 to 6, for exaoiple is 1 or 2, w is the charge of the metal carbonyl and 
ranges from I to 4 and is usually I and y is a number such that w times y equals z and x 
is a number such as to provide a stable anionic metal carbonyl for {[QM(CO)J'^}y. The 
reaction is carried out at a caibon monoxide pressure ranging from 100 to 10,000 psi, 
preferably from 75 to 1,200 psi and a ten5)erature rauging from 0°C to 120 °C, 
preferably from 40 to SO^'C, in the presence of catalyst in a mole ratio of the con5>ound 
pO) to catalyst ranging from 1:1 to 10,000: 1, preferably from 100:1 to 2000: 1, for 
example over a time period ranging from 15 nrinutres to 96 hours. The catalysts usefiil 
for the second embodiment are the same as those useM for the first embodiment. The 
preferred catalyst for use in the second embodiment has been found to be Catafyst {&). 
The product coirprises a mixture of the two isomeric oxazinones, namely 4-methyl-2- 
phenyl-4,5-dihydro-[l,3] oxazin-6-one which has the formula: 



Ph 

and 5-methyl-2-phenyM,5-dihydro-[l,3] oxa2in-6-one which has the foimula: 
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Thu5, the l)eiizoyl substituent on the a2mdine partic5)ates ia rearrangemeat to introduce 
the benzoyl into the ring of the product where the oxygen of the benzoyl becomes a ring 
atom and the double bond of the carbonyl of the benzoyl becomes part of the ring and 
the phenyl of the benzo^d is directly bonded to a ring carbon atom. 

We turn now to the third embodim^t of the invention herein. Catalysts the same 
as catalyst (B), (E^), (F), (G), (H) and (J) but with diflferent neutral two electron donor 
ftom IHF can be prepared the same as the corresponding catalysts with THDF by 
qmthesizing the catalyst by method comprismg adding source of different neutral two 
electron donor (e.g., diethyl ether, acetonitrile, carbon disulfide or pyridine) instead of 
THF for reaction of [Lewis acid]-X and [QM(CO) J-Y in the general reaction described 
above. 

The following background Examples 1 and 2 illustrate the synthesis of compound 
(I) for use in the Reaction Examples XXDI and XXIV. The following Catalyst Synthesis 
Examples 1-8 illustrate making of the catalysts used in Reaction Examples and synthesis 
of catalysts of the third embodiment herein. Catalyst (H) used in Reaction Exan:q)les 
was made as described in Merola, IS., et aL, Inorg. Chem. 28, 2950-2954 (1989), 
Catalyst (J) used in a Reaction Exanqples hereinafter was made as described in Evans, 
W.J., et al, Inorg. Chem. 24, 4620-4623 (1985). 

The following worldng ExsanplQs I - XLin and associated tables, illustrate the 
methods herein. 

Backgroun d Rxample 1 
Synthesis of 7-Benzvl-7-Azabicvclof4. l.Olheptane 
a) Synthesis of 2-Ben2ylamino-cyclohexanoL To a solution of cyclohexene 
oxide (5 g, 51 mmol) in 10 ml CB^CN, anhydrous LiC104, (5.44 g., 51 mmol) was 
added and stirred until complete dissolution of the salt occurred. The resulting solution 
was treated with the required amount of benzylamine (5.5 g, 51 mmol) at room 
temperature with stirring. The reaction mixture was then stirred for 24 h at room 
temperature. At the end of the reaction, 100 ml water was added and the solution stirred 
for 30 mm, extracted into diethyl ether (3 x 25) and finally crystallized from hot hexanes. 
(5.0 g, 50% yield). 
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'H>JMR(CDCI^, 300 MHz): 6 0.93-LlO (IH. m), 1.18-1.33 (4H, m), 1.71 (2H, m), 
2.05 (IH, m), 2.15 (IH, m). 2.31 (IH, m), 3.20 (IH; m), 3.35 (Ih, br), 3.68 (IH, d, 7= 
12.9 Hz), 3.95 (IH, d, J= 13.0 T3z), 7.23-7.35 (5H, m). 

b) Cycli2ationof2-Beii2ylaniiQO-cyclolie3EaiioL Diethyl azodicaiboxylate 
(Aldridi, 95 %, 3.6 nd, 22.6 mmol) was slowfy added to an ether sohitioii (50 ml) of 2- 
benzylammo-cydohexanol (3. 1 g, 15 mmol) aad PPhs (5.94 g, 22.6 mmol) under Nj, 
with stimng, in an ice-bath. After addition, the ice bath was removed, and the mixture 
stirred at room temperature for 36 L The resulting crystaffine precipitate was filtered 
and the solvent removed from the filtrate by rotary evaporation to yield the crude 
product, which was purified by column chromatography (petroleum ether:diethyl ether = 
50:50) (2. Ig, 75% yield). 

'HNMR(CDC]3. 300 MHz): 6 1.31 (4H, m), 1.63 (2H, m). 1.83 (4H, m), 3048 (2H, s). 
7.31 (5H,m). 

Backg round F.ya mple 2 
Synthesis o f 2-Metfav1-7-Tosvl-Aaridine 
2-Methylaziiidme (3.6 ml, 5 1 mmol) was added to a 10% aqueous KOH solution 
(30 ml) and cooled in an ice bath for 30 min. To this sohition p-toluenesu]fonyl chloride 
(9.9 g, 52 mmol) was added rapidly vAuHs maintaining the temperature bdow 4''C. The 
resulting mixture was stirred for 30 min at O'C, fliea stirred at room temperature 
ovemi^t. The vAate precqiitate was washed nnikiple times with cold water and dried 
under vacuum, lie washed product was dissolved in hot petroleum ether and aUowed 
to crystallize at OX, yielding colorless crystals (6.3 g, 57 % yield). 
'HNMR(CDCl3, 300 MHz): 6 1.26 (3H, d, 7= 6.0), 2.02 (IH, d, J= 4.5 Hz), 2.44 
(3H, s), 2.58 (IH, d, J= 6.9 Hz), 2.82 (IH, m), 7.31 (2H, d, J= 8.1 Hz), 7.80 (2H, d, J 
= 8.1 Hz). 

Catalyst SvntTiesis PYflmpl»> i 
Synthesis of Catalyst (G\ 
M manipulations were performed with strict air-firee techniques. All reageaits 
and solvent were dried and degassed prior to use. Ih a drybox, N,^P-bis(3,5-di-te^^ 
butylsaKcyMene>l,2-pliaiyIeaediamine (1.38 g, 2.55 mmol) was placed ia a Schlenlc 
tube eqn5)ped with a stir-bar aad an air-free addition fimnel charged with diethyl 
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aluminum chloride (Aldrich, 1.8 M in toluene) (1.42 ml, 2.5 mmol). Upon removal to 
the bench top. Hie ligand was dissolved in 20 ml of CH2CI2, giving a pale orange 
solution. Dropwise addition of diethyl aluxoinum chloride solution at room tenoperature 
resulted in considerable evolution of gas, which was vented, and a yellowing of the 
solution. After rinskg of the addition fiinnel several times with CHjClg, the sohition was 
stirred for 8.5 hours during vAich a copious amount of yellow precipitate formed. In 
vacuo solvent removal gave a yellow solid which was rinsed 3-4 times with hexanes (10- 
20 ml) and then pumped down. The Schl^ tube was brought into a drybox where 
white powdery sodium cobalt tetracaibonyl (0.49 g, 2.53 mmol), stored at -35 °C under 
nitrogen, was added. Upon removal to Hie bench and addition of tetrahydrofuran (30 
ml) at room teD:5)erature, the solution immediately turned a deep red. The foil wrapped 
tube stirred for two days and was concentrated to 5-10 ml, layered with hexanes (50 ml) 
and left to sit for a day. Significant amounts of yellow and white precq>itates as well as 
masses of X-ray quality red crystals formed. The red crystals were the desired product. 
Catalyst (G). The ircpurities were easily washed away with repeated rinses of hexanes 
allowing isolation of pure catalyst [(sa^h)Al(TEn023[Co(CO)4], (G) (2.10 g, 93% yield). 

NMR (QDfi, 300 MHz) 6 9.53 (s, ^C=N), 8.35 (s, ^Ar), 8.14 (s, HAi\ 7.92 (s, 
HAi\ 7.50 (s, HAi\ 7.16 (s, HC^,\ 3.23 (s, O-C/f^), 1.70 (s, C{CH,\\ 1.46 (s, 
C{CH^\\ 0.83 (s, OCe^CH^X spectrum shown in HG. 1. IR (KBr): v«, = 1885 cm"*. 
Crystal data: tricMc, a = 12.0136(6) A, b = 13.2447(7) A, c = 15.2876(8) A, a = 
101.560(1)% p = 91.506(1)% Y = 90.295(1)% V= 2382.1(2) A^ space group P-1; Z = 
2, formula weight 880.91 for C,oH4^CoN204'2C4H80 and density (calc.) = 1.228 g/ml; 
R(F) = 0.0553 and Rw(F) = 0. 1474 (I>2a(I)). 

Catalyst Syntb eRis Rvannplft 7 
Synthesis of Catalyst (S\ 
In a glovebox, a Schlenk tube was charged with 2.58 g (4.73 mmol) (HJ^-f-J- 
A^,A^'-bis(3,5-di-/5r^butylsaficylalddiyde)-l,2-cydohexanedian^ 0.615 g (5.01 mmol) 
of chromium (11) chloride (Strem, 99.9% anhydrous, used as received) and a teflon- 
coated magnetic stir-bar. THF was canulated in and the reaction was left stir for 6 hours 
at which point it was opened to the air and left to stir for 12 hours. The resultant cloudy 
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brown-red solution was liised into a separatory fimnel with 500 ml /er/-butyl methyl 
ether, washed four times with 300 ml saturated ammonimn chloride and four times with 
300 ml satm-ated sodium chloride. The sobtion was dried with sodium sulphate, 
rotovaped to a red solid and recrystallized from acetonitrile to give 1.33 g (43% yield) 
of large red diamond shaped crystals Compomd (C) widch were characterized 
by IR and X-ray crystallography. Conopomid (C) was detenocaned to have the structure: 




In a glovebo:c, a Schlenk tube was charged wifli 1.03 g (0.80 mmol), Compomid 
C, 0.32 g (1.65 mmol) NaCo(CO)4(Catalyst(D)) and a teflon-coated magnetic stir-bar. 
THF was canulated in, tlie tube was covered in foil and the solution was left to stir for 
three days at which time it was concentrated m vacuo. Hexanes were layered on top of 
the dark red solution and the sohition was left to sit for six day, although crystals had 
began to form within a day. A flocculent yellowish-white precipitate was separated fi-om 
the large red blocks of crystals by repeated washing with hexanes. Isolation gave 1. 14 g 
(88% yield) of pure Catalyst (B) which was characterized by IR and X-ray 
crystallography. 

Catalyst Synthe sig KYample 3 
Synthesis nf nfltflly gt (H) 
Catalyst (D) was synthesized as described in Edgell, W. R, et al, Biorg. Chem. 
1970, 9, 1932-1933. 
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Catalvst Svp theCTfi Vxam pU A 
Synthesis of Catalyst fE^^ 
Synthesis of Catalyst (E}) differs from that of Catalyst SynAeas Example 1 in 
one aspect only; in this synthesis (?^i?)-^y-M^-bis(3,5-di-te^^butykaficylaldehyde)-l,2- 
cyolohexanedianadne was used instead of A^,A^-b2s(3,5-di-/er^butyIsa]icylaldehyde)-1^2- 
phenylenediamjne. 

Catalyst Synthesis Example 5 
Synthesis of Catalyst (E^) 

In a gloyebox, a ScMenk tube was charged with 0,64 g (1.06 mmol) (R,R}-(yy 
iy;7V^-bis(3,5-di-/er^butylsaficylaldehyde)-l,2-cyclohexanediaminoc^^ 
chloride (Aldrich), 0.21 g (1.06 mmol) NaCo(CO)4 (Catalyst (D)) and a teflon-coated 
magnetic stk-bar. THF was canulated the tube was covered in foil and the solution 
was lefl; to stk for two days at which time it was concentrated in vacuo, Hexanes were 
layered on top of the dar k red solution and the sohition was left to sit for six day, 
although crystals had began to form within a day. A flocculent yellowish-white 
precipitate was separated from the large red blocks of crystals by repeated washing with 
hexanes. Isolation gave 0.52 g (60% yield) of pure Catalyst (&) vMoli was 
diaracteiized by IR and X-ray crystallography. 

Catalyst Synthesis Example 6 
Synthesis of Catalyst ffl 

In a glovebox, a Schlenk tube was charged with 0.28 g (0.5 1 mmol) iV;iV- 
bis(3,5-di-^er/-butylsalicylaldehyde)-l,2--phenylenediamine, 0.21 g (5.18 mmol) sodium 
hydride and a teflon-coated magnetic stir-bar. THF was canulated in with considerable 
ebullition. The headspace was removed and the solution was sthxed at 50** C for 22 
hours at which pomt the excess sodium hydride was filtered ofl^ using air-free technique, 
and the solution added to a Schlenk tube charged with 0.07 g (0.55 mmol) chromium 
(n) chloride and a teflon-coated magnetic stk-bar. The headspace was removed and the 
solution heated at 50**C for 6 hours at which point the dark brown solution was filtered, 
to remove any NaCl, mto a Schlenk tube charged with 0.09 g (0.26 mmol) dicobalt 
octcari)onyI and a teflon-coated magnetic stir-bar and stirred for 24 hours. The vohune 
of solution was reduced in vacuo and hexanes layered on top. After two weeks the dark 
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red crystals were isolated camdating off the mother Hquor and washing the remaining 
material \vith copious amounts of hexanes resulting in the isolation of 0.26 g (70% yield) 
of Catalyst (F) which was chaiacterized by IR and X-ray crystallography. 

Catalyst Smthesis Example 7 
Synthesis of Catalyst fm 
This catalyst yvas made essentially the same as Catalyst (G) (Catalyst Synthesis 
ExBmplt 1) except that the starting material was 4,5-dimeth5l-[N,N-bis(3,5-di-tert- 
butylsaHcylideneae)]- 1 ,2-pheaylenediamine. 

Catalyst Synthesis Example 8 
Synthesis of Catalyst (J) 
The catalyst was made essentially the same as Catalyst (E) (Catalyst Synthesis 
Example 5), except that the starting material was (TPP) CrCl where TPP means 
tetrapheny^poiphyrin (TPP) CrCl is commercially available. 

Carbonvlation Rea crinn Rya mples I - XHI 
Carbonylation reactions within the scope of the invention were carried out as 
follows for Examples I-Vl A 1 00 nd Parr reactor was dried at 90 ° C, under vacuum 
overnight. la a diybox, it was cooled in a -35 "C freezer for at least 1.5 hours and 
equ^ped with a small test-tube and magnetic stir bar. The test-tube was charged ysdth 
0.500 ml of con5)ound (I) as described in Table 1 below, stored at .-35°C, and catalyst 
as described in Table 1 below and amount thereof as described in Table 2 below. Upon 
removal from the drybox, the reactor was pressurized to pressure as described in Table 2 
below, placed in a preheated oil bath and the reactor was stirred at temperature as set 
forth in Table 2 for amount of time as indicated in Table 2 below. When the mdicated 
time had passed, the reactor was cooled in a bath of dry ice/acetone until the pressure 
reached a minimum and then slowly vented. The crade nnxture was subjected to NMR 
analysis. Trapping of veated gases indicates that only 2-5% of the material is lost. 
Vented gases contained the same ratios of confounds (within 3-4%) that remained in 
the reactor. Results are set forth in Table 3 below. 

Reaction conditions for the carbonylation reaction of Exaniple VH were as 
follows and also include the conditions set forth in Table 2 below for Exan5)le VH: 
Using a gas-tight syringe, dry and degassed diglyme (20 ml) and propylene oxide (10 ml. 
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MS mmol) were injected into a 100 ml Parr pressme reactor equipped with a ball valve 
and a septum and previously charged, in a glovebox, with Catalyst (B) (0. IS g, 
0.08 nunol). The reactor was pressured up to 1020 psi with carbon mono?dde and 
stirred via the attadied impeller at 75°C for 21 hours at which point it was cooled to 
3 in an ice bath and vented. 

Reaction conditions for the carbonylation reaction of Exanq>le Vm were as 
follows and also included the conditions set forth in Table 2 below for E-xample VTH: 
Usmg an air-free graduated cylinder, 20 ml (285 mmol) propylene oxide was canulated 
into the above mentioned Parr reactor charged as above with 0.25 g (0. 16 mmol) 
Catalyst (B). The reactor was pressured up to 810 psi with carbon monoxide and stirred 
at room temperature (22 °C) for 16 horns at which point it was cooled in an ice bath and 
vented. 

Reaction conditions for the carbonylation reaction of Example IX were identical 
to those of Example VII excq)t triglyme was used mstead of diglyme and the scale was 
different (7 ml triglyme, 3.5 ml (50 mmol) propylrae oxide, 0.15 g (0.09 mmol) Catalyst 
(B)) with the additional dijBfereaces as set forth in Table 2 below. 

Reaction conditions for the carbonylation reaction of Bxanoqple X were identical 
to those of Exanq)le Vm except for the use of 0.07 g (0.09 mmol) Catalyst (B) and 
except for the differences set forth in Table 2 below. 

Reaction conditions for the carbonylation reaction of Example XI were identical 
to those of Example Vin except for the use of 0.08 g (0. 10 mmol) Catalyst (E^) in place 
of Catalyst (B) and except for the differences set foith in Table 2 below. 

Reaction conditions for the carbonylation reaction of Example XII were identical 
to those of Example Vni except for the use of 5 ml (71 mmol) propylene oxide and 
0.05 g (0.04 mmol) Catalyst (F) m place of Catalyst (B) and except for the differences 
set forth in Table 2 below. 

Results for Exanq)les Vn - XH are set forth in Table 3 below. 

The carbonylation reaction for Example XDI was carried out as follows. A 100 
ml Parr reactor equq)ped with a mechanical stirrer was heated at 80°C, under vacuum, 
ovenught. The reactor was charged whh propylene oxide and catalyst (D), (0. 15 M 
solution in triglyme), in the drybox Upon removal from the drybox, the reactor was 
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pressuredto 1,000 psi with carbon monoxide and heated at SO^^C wkh stiiringfor 16 
liGiirs. The catalyst was used in amount of 2 mole percent Co by weight of epoxide. 
After the 16 hours, the reactor was cooled in an ice bath until the pressure reached a 
Tninimum and then slowly vented. The crude mixture was subjected to NMR analysis. 
Catalyst and compound (I) are set forfh in Table 1 below. Reaction conditions are set 
forth Bi Table 2 below. The results for Example XIII are set forth in Table 3 below. 

The resulting P-lactone products were obtained as crude mixtures. Purification 
to obtain purified p-lactone products is readily carried out by vacuum distillation, flash 
column chromatography or other standard puiification techniques. 
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Table 1 listing the catalyst and compound (I) for each of Examples I - XIDL is set 
forth below; 

Table 1 



ExanQple 


Catalyst 


Compoimd (V) 


I 


G 


R-propylene oxide 


n 


G 


propyleae oxide 


m 


G 


l-trntaae oxide 


IV 


G 


epichlorohydrin 


V 


G 


isobutylene oxide 


VI 


G 


2,3-epoxybutane 


vn 


B 


propyleae oxide 


vm 


B 


propylene oxide 


IX 


B 


propyleae oxide 


X 


E' 


propyl^e oxide 


XI 


E» 


prop;^eae oxide 


xn 


F 


propylene oxide 


xm 


D 


propyleae oxide 



Table 2 hsting for the reaction conditions for each of Exan:q)les I-XDI, is set 
forth below: 

Table 2 

Con5)Oiind (I) charged/ 







Pco 


T 




catalyst charged (Co baas^ 


Example 
I 


timedi') 


880 


CO 

50 


SolVMt 


fmole ratio") 




1 


neat 


100: 


1 


n 


1 


880 


50 


neat 


100: 


1 


m 


2.5 


880 


50 . 


neat 


100: 


1 


rv 


9.5 


880 


50 


neat 


100: 


1 


v 


1 


880 


50 


neat 


100 


1 


VI 


7.5 


880 


75 


neat 


50 


1 


vn 


21 


1020 


75 


diglyme 


1800 


1 


vm 


16 


810 


22 


neat 


1800' 


1 


IX 


12 


870 


75 


triglyme 


525 


1 


X 


96 


960 


75 


neat 


3300 


1 


XI 


95 


940 


75 


neat 


2900 


1 


xn 


4 


900 


80 


neat 


1800 


1 


xm 


16 


1000 


80 


trigljone 


50 


:1 
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Co basis was used in defining CoHq>oimd (I) charged/catalyst charged mole ratio 
because aH the catalysts have tlie common feature of Co(CO)4 anion so this provides 
standardization. 

Table 3 presenting results lor Exan^les I-Xin is set forth below where percent 
conversion and percent selectivity are as described previously and TON means turnover 
nunaber and is moles compound (I) consumed divided by moles catalyst charged. 

Table 3 





Conversion 


Selectivity 




Example 


(%) 


(%) 


TON 


I 


95 


>99 


95 


n 


95 


>99 


95 


in 


99 


>99 


99 


IV 


73 


>99 


73 


V 


83 


>99 


83 


VI 


80 


70 


40 


vn 


72 


>95 


1300 


vm 


40 


>99 


730 


IX 


90 


>99 


460 


X 


69 


80 


2200 


XI 


52 


85 


1500 


xn 


86 


96 


1600 


xm 


52 


12 


2 



In Example I, the product was R-BBL. 

In Example XTD, 6% acetone and 40% potymer were also produced. 
Carbonvlation Reactin n Ryam pTes XIV - XXI 

The carbonylation reactions of these exan^les were carried out in the presence 
of 5 mole % catalyst G (0.2Mn DME) under a carbon monoxide pressm-e of 900 psi. In 
each case the coiBpound (I) was present in amount of 1.92 mmoL The Exanqjle number, 
compound (I), temperature of reaction, time of reaction, product and yield obtained, are 
listed in Table 4 below: 
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Table4 



Exan^le 


Substrate 


Temp 


Thn& 

00 


Ptddticts 




AiV 


V 




A 






XV 


V 


60 


4 




95 


XVI 




60 


4 


^^^^ 


99 


xvn 




60 


4 




90 


xvm 

XIX 
XX 
XXI 


■\ 


60 
50 
60 
60 


5 
3 

10 
10 




60 
90 
99 
75 



The yields were determiiied by *H NMR spectroscopy. The enantiomeric excess for 
Exaii5>le XV was greater thaa 99% (R)-p-butyrolactone. The results for Exau^les 
XIV, XV, XVI, xvn, xvm, XX and XXI were 100% regioseleotive, that is the 

i 

insertion occuixed at the less substituted carbon. In the oases of Exan5)les XIX, 
insertion at the more substituted carbon is also present and the two products are shown. 
In Table 4, the conipound (I) for Example XIV is propylene oxide, the compound (I) for 
Exan5)le XV is (R)-propylene oxide, the con5)omid (I) for Example XVI is 1,2- 
epoxybutane, the compound (I) for Example XVH is l,2-epoxy-5-liexene, the confound 
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(I) for Example XVHI is epicMorohydiin, the coinpoiuid (I) for Exairple XDC is 
isobutyleae oxide, Uie compound (I) for Example XX is cw.2,3-epoxybutane and the 
compound (I) for Example XXI is /?W2J-2,3-epoxybutane. 

Carbonvlat tnn RYflmpT es XXII-XXV 
The carbonylation reactions of these exaiqples were carried out in the presence 
of 5 mole % catalyst (G) and for each substrate also with catalyst (H) (0,2M in DME) 
under a carbon monoxide pressure of 900 psi. la each case the conqDound (I) was 
present in amount of 1.92 mmoL The example number, compound (1), temperature of 
reaction, time of reaction, product and yield obtained, aie listed in Table 5 below: 

Table 5 



JExaag>le 


Substrate 

w 


Cataiysi 


Temp 

rc) 


Time. 
Oi) 


Products 


Yield 
% 


xxn 


J 


G 
H 


60 
60 


6 
6 




90 
50 


xxni 


Q 
J 


G 
H 


80 
80 


18 
18 


Ph 


80 
<5 



xxrv 



XXV 



G 90 6 in 35 

\. • H 90 6 t/ \. 99 

J G 60 5 ( o <y \ 

Ptr n, (19:,, p/ 



95 



The yields were detennined by H NMR spectroscopy. The results for Examples XXII, 
XXHr and XXIV WCTe 100% regioselective. la the case of Exaccple XXV, insertion at 
the more substituted carbon is also present and the two products are sihowii in Table 5. 
la Table 5, Ph is phenyl, Ts is tosyl and TBSO is tert-butyldimethylsilyloxy. The 
compound (I) for Exanjple XXH is l-ben2yI-2-methyl aziridiue, for Exan5)le XXIH is 7- 
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beiizyl-7-a2abicyclo[4,L0]lieptane, for Example XXIV is l-tosyl-2-methylaziridiae and 
for Exaiiq)le XXV is czj- l-beiizyl-2-(/er^butyldimethy 

Carboavlation Example XXVI 
Oxetane was carbonylated in the presence of 1 mole % catalyst (E^) under a 
carbon monoxide pressure of 880 psi, neat, for 1.5 hours at 50'' C. Tte product of 
interest was 




The percent conversion was about 30% (iacludes product of interest and other 
products). 

Carbonvlation Example XXVH - XXXVII 
These examples involve carbonylation of P-lactones according to the following 
reaction equation: 




The starting materials, reaction conditions and results are given in Table 6 below. la 
respect to the starting materials, in each case R, and are H. 
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Table6 





R3 




Catalyst and 
its amount 


Solvent 


Thne 


Temp. 
CQ 


Conversion 
% 


-O-fV V JJ. 


IT 


M6 


E ,1% 


"DME 


5 


80 


35 


xxvni 


n 


IVL6 




DM£ 


5 


80 


65 




w 

Xl 


Me 


^1 CO/ 

G ,5% 


DME 


5 


80 


60 




XI 


MO 


CO/ 

tr,5% 


DME 


14 


80 


>90 


XXXI 




IV/Tb 
JVlC 


ITl 1 0/ 




8 


80 


80 


xkxn 


H 


Me 


EM% 




24 


80 


84 


xxxm 


H 


Me 


CP,2% 


DME 


20 


50 


85 


xxxrv 


H 


Et 


0^,5% 


DME 


■ 10 


80 


70 


XXXV 


H 


CCI3 




DME 


24 


75 




XXXVI 


Me 


H 


G',5% 


DME 


5 


80 


95 


xxxvn 


Ph 


H 


ff,5% 


DME 


10 


80 


80 



In the above table, Me is methyl, Et is ethyl, Ph is phenyl and DME is dimethoxyethane. 

Caibonvlati nTi Ryamp le XXXVUT 

The coiDpouiid (I) was benzyl glycidyl ether. The ben2yl ^ycidyl ether was 
carbonylated in the presence of 1 mole % catalyst (H), neat, under a carbon monoxide 
pressure of 800 psi for 1 5 hours at 50 ""C. 

Carbonvlation Exftm ple XXXDC XL and XLI 

For Example XXXIX, the compound (I) was 1-buteneoxide. For Exaicple XL 
the conq)ound (I) was 1-heptene oxide. For Example XLI, the con:;)ound (I) was 
cyclooctene oxide. In each case the compound (I) was carbonylated in the presence of 
0.4 mole % catalyst (J), neat, under- a carbon monoxide pressure of 1,000 psi for 20 
hours at 60°C. The product of Carbonylation Exanq)le XLI was 9-oxa- 
bicyclo[6.2.0]decan-10-one and has the structure: 




wo 03/050154 



PCTAJS02/36140 



-39- 



Carbonvlation Example XLH 
The compoimd (I) was qyclododecene oxide. The cydododeceae oxide was 
carbonykted in the presence of 1.67 mole % catalyst (G), ueat, imder a carbon 
monoxide pressure of 1400 psi for 6 hours at SO^'C. The product was 13-oxa- 
bicyclo[10.2.0]tetradecan-14-one and has the stractmre: 




Carbonvlation Example XLin 
The compound (I) was: 



The cotnpoimd (I) was carbonjdated in the preseace of 5 mole % catalyst (G'), in 
dimethoxyethane under a carbon monoxide pressure of 900 psi for 4 hotnrs at SO'C. The 
reaction product was a mixture of the two isonaeric oxazinones: 





4-Metfayl-2-plienyl-4^-dihydro- 5-Methyl-2-phenyM,5-dihYdro- 
ri,3]oxaziii-6-onc [l,31oxazin-6-one 

70 30 
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Vaiiations 

Many variations will be obvious to those sldlled in the art. Thus, the scope of the 
invention is defined by the claims. 
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WHAT IS CLAIMED IS : 



1 . A process for the carbouylation of a compound haviag the formula: 




R4 



(I) 



where R^, Rj, Rg and R4 are selected frorathe group consisting of hydrogen, 
Ci-Cioo.oo(ralljyl, C2-Cioo,ooo-alk^yl and C^ioo,ooo"aryl, where the alkyl, alkenyl and aryl 
axe optionally substituted with halogen or ben2yl ether, and alkylaryl, ester, ketone, 
alcohol, add, aldehyde, amide and tosjd containing from 1 to 20 carbon atom, and 
benzjd ether, alkyl substituted alyl ether where the ether group is C1-C5 alkylene and 
alkyl substitution consists of one to three Ci-Q alkyi(s) substituted on silyl, and any 
other functionality that the catalyst referred to below is tolerant 0^ and where R2 and R4 
can join to form a ring, and X is selected from the group consisting of O, S and NR^ 
where R5 is selected from the group consisting of hydiogen, Cj--C3oo,ooo-aIkyl, Cj-Cjocooo- 
alkenyl and CerCioo,ooo-aryl\^iiere the alkyl, alkenyl and aryl are optionally substituted 
with halogen or benzyl ether, and alltylaryl, ester, ketone, alcohol, acid, aldehyde, amide 
and tosyl containing fr om 1 to 20 carbon atoms, and benzyl ether, alkyl substituted silyl 
ether where the ether group is Ci-Cg-alkylene and where the alkyl substitution consists of 
one to three Cj-Cg alkyl(s) substituted on silyl, and any other fiipctionality that the 
catalyst referred to below is tolerant of and does not cause rearrangement, and where n 
is 0 or 1, and Y is C=0 or CH^, said process con^xi^g the step of reacting conapound 
(I) with carbon monoxide in the presence of a catalytically effective amount of catalyst 
having the general formula [Lewis acid]^{[QM(CO)J'^}y where Q is any ligand and 
need not be present, M is a transition metal selected from the group consisting of Groups 
4, 5, 6, 7, 8, 9 and 10 of the periodic table of elements, z is the valence of the Lewis acid 
and ranges from 1 to 6, w is the charge of the metal carbonyl and ranges from 1 to 4 and 
y is a number such that w times y equals and x is a number such as to provide a stable 
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anionic metal caAonyl for {[QMCCOX]*^}^ to form a product having tte structural 
formula: 




where R„ R,, and and X correspond to Rj, R^, R3, R, and X in (I) inchiding Rj and 
R, forming a ring if that is the case for (I); and in the case -where n for (1) is 0, n for (D) 
is 0 or 1, and in the case v\*iere n for (I) is 1, n for (II) is 1; said catatyst exchiding 
catalyst formed from the combinatioii of a cobalt source and a hydroxy substituted 
pyridme. 

2. Tho process of Claim 1 v^ere n for (I) is 0 so that the structural formula for 
(0 becomes: 




and the product has the structural formula: 




(TV) or 



B2 R3 



V (y)^ 1 (D) where 

Ri'TrR4 

R2 R3 
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n is 1 and Y is C=0. 

3. The process of Claim 2 where the catalyst is [(salph)Al(THF)2] [€0(00)4] 
"^ere THF is tetrahydrofuraa and which has the structural formula: 



where So is tetrahydrofuian and *fiu is t-butyL 

4. Hie process of Claim 3 whereia the reaction is carried out at a carbon 
monoxide pressure ranging firom 100 to 10,000 psi and a tezx^erature rangmg from O"* to 
120 ''C in the presence of catalyst in a mole ratio of conq}ound (DI) to catalyst (cobalt 
basis) ranging from 1:1 to 10,000:1. 

5. The process ofCIaim 4 vAereX for (m) is O. 

6. The process of Claim 4 where the confound (US) is propylene oxide. 

7. The process of Claim 4 where tiie compound (DI) is (i?)-propylene oxide and 
the product is (R)-p-butyrolactone. 

8. The process of Claim 7 where the reaction is carried out at a pressure 
ranging from 850 to 900 psi and a temperature ranging from 0 to 120°C, over a time 
period ranging from 0.75 to 1.5 hours. 

9. The process of Claim 4 where the compound (DI) is 1-butene oxide. 

10. The process of Claim 4 wh^e the compound (HI) is epichlorohydrin. 

1 1. The process of Claim 4 \^dlere the compound (DI) is isobutylene oxide. 

12. The process of Claim 4 T\*ere the compound (EQ is 2,3-epoxybutane. 

13. The process of Claim 4 where X is NR5. 

14. The process of Claim 13 where the corcpound (HI) is l-ben2yl-2-methyl 
aziridine. 

15. The process of Claim 13 where the compound (HI) is l-tosyl-2- 
methyla2iridine. 




(V) 
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16. Hie process of Claim 13 where the con5)0imd (III) is cis- l-ben2yl-2-(ter/- 
bu1yldimethy]sfloxyiae1hyl)-3-meth^^ aziridine. 

17. The process ofClaim 2 where the catalyst is 



where *Bu is t-butyl and So is tetrahydrofiiran. 

18. The process of Claim 17 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a temperature ranging from 0**C 
to 120*'C in the presence of catalyst ia a mole ratio of compound (HI) to catalyst (cobalt 
basis raning from 1: 1 to 10,000: 1. 

19. The process of Claim 18 where X for (HI) is O. 

20. The process of Claim 19 where the compound (Ett) is bmzyl glycidyl ether. 

2 1 . The process of Claim 2 where the catalyst is 



where So is tetrahydrofuran and Ph is phenyl 

22. The process of Claim 21 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a tenoperature ranging from 0**C 
to 120 ''C in the presence of catalyst in a mole ratio of con5)ound (JS) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

23. The process of Claim 22 T?Aere X for (DI) is O. 

24. The process of Claim 23 where the compound (HI) is 1-butene oxide. 

25. The process of Claim 23 where the compound (DI) is 1-heptene oxide. 





(XI) 
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26. The process of Claim 23 where the compoimd (HI) is cyclooctene oxide. 

27. The process of Claim 2 ^A^ere the catalyst has the stmcture 




where M is a metal such that (VI) is stable. 

28. The prcicess of Claim 27 where the catalyst has the structm^e (VI) where M 
is titaBium with a valence of three. 

29. The process of Claim 28 where the reaction is carried out at a carbon 
monoxide pressure i anging from 100 to 10,000 pa and a tenoperature ranging from 0**C 
to 120 ""C in the presicnce of a catalyst in a mole ratio of conqpound (HI) to catalyst 
(cobalt basis) ranging from 1:1 to 10,000:1. 

30. The process of Claim 29 \^ere X for the compound (HI) is O. 

31. The prc»cess of Claim 30 where the compound (IH) is propylene oxide. 

32. The process of Claim 3 1 where the compound (IH) is i?-propylene oxide. 

33. The process of Claim 30 where the conq)ound (EDT) is 1,2-epoxybutane. 

34. The prot>ess of Claim 3 0 where the compound (HI) is l,2-epoxy-5«hexene. 
3 5 . The process of Claim 3 0 \^4iere the compoimd (IH) is epichlorohydrin. 

36. The process of Claim 30 where the conjqpound (OS) is isobutyl^e oxide. 

37. The process of Claun 30 vAi&re the conq)ound (SS) is cis-2,3-epoxybutane. 

38. The process of Claim 30 where the compoimd (IE) is trans-2,3- 
qpoxybutane. 

39. The process of Claim 29 where X for the con^joimd (TO) is NR5. 

40. The process of Claim 3 9 where the conq)ound (III) is 1 -beaizyl-2-methyl 
a2aridine. 

41. The process of Claim 3 9 where the compound (JB) is 7-benzyl-7- 
azabicyclo[4. 1.0]heptane. 

42. The process of Claim 39 where the compound (IH) is l-tosyl-2- 
methylaziridine. 
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43 . The process of Claim 39 where the conpound (IQ) is cis- l-beu25d.2-(/er^ 
butyhnethyMyloxyniethyl)^ 

44. The process of Claim 1 where n for (I) is 1 and Y is C=0 or CH^. 

45 . The process of Claim 44 where the catalyst has the stractra'e 




(vn) 



where THF is tetrahydrofuran and is t-butyl and M is Ai 

46. The process of Claim 45 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a tenq)erature rangmg from O'^C 
to 120 ''C in the presence of a catalyst in a mole ratio of compound (I) to catalyst (cobalt 
basis) langmg from 1: 1 to 10,000: 1. 

47. The process of Claim 46 where the compoxmd (I) is oxetane. 

48. The process of Claim 46 where Y is C=0 and R, and R3 for the compoimd 
OOarebothK 

49. The process of Claim 48 where R4 for the compound (I) is tt 

50. The process of Claim 49 where for the compound (I) is Me. 

5 1. The process of Clami 44 ^ere the catalyst has the structure 



Co{CO)4 I ^ 




where M is titanium wilh a valence of three. 

52. lie process of Claim 5 1 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a temperature ranging from 0°C 
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to 120 **C in the presence of a catalyst in a mole ratio of conqioijiid (I) to catatyst (cobalt 
basis) ran^g from 1:1 to 10,000:1. 

53. The process of Claim 52 where Y is C-O. 

54. The process of Claim 53 where R,, Rg and R4 for the compoxmd (I) are H. 

55. The process of Claim 54 where for the conapound (I) is Me. 

56. The process of Clann 54 where for the con5)Ound (I) is Et. 

57. The process of Claim 54 where R2 for the compoimd (I) is CClg. 

58. The process of Claim 52 wbere R^, R^ and R^ for the compound (I) ai-e H. 

59. The process of Claim 58 where R3 for the cowpoimd (I) is Me. 

60. The process of Claim 58 where R3 for the compoimd (I) is Ph. 

6 1 . llie process of Claim 44 where the catalyst has the structure 



)^*^- - Co(CO)4 



where M is samarium with a valence of three. 

62. The process of Claim 61 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a temperatme rangmg from 0°C 
to 120 ""C in the presoace of a catalyst in a mole ratio of con[q)omid (I) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

63. The process of Clann 62 where Y is C=0 and Rj, and R4 for the 
compound (I) are H and R2 for the compound (I) is Me. 

64. The process of Claim 1 where in the [Lewis add]^* portion of the catalyst a 
neutral two electron donor is present and fiDs the coordiaation valence of the cationic 
Lewis acid. 

65. The process of Claim 64 where the [Lewis acid]^* portion of tihe catalyst 
contains an akuninum or chromium center. 

66. The process Claim 65 where the neutral two electron donor is 
tetrahydrofiuran. 
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67. The process of Claim 1 vAi&re the catalyst has the stmcture 




Co{CO)4- (VI) 



where M is a metal such that (VI) is stable. 

68. The process of Claim 67 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a tenjperature ranging from O^C 
to 120 °C in the presmce of a catalyst in a mole ratio of confound (I) to catalyst (cobalt 
basis) rangmg from 1:1 to 10,000:1. 

69. A process for the carbonylation of a compound having the formula 




(XI) 



where Ph is phenyl, said process conq)iising the step of reacting compoxaid (XI) with 
carbon monoxide in the presence of a catalyticaDy effective amount of catalyst having 
the general formula [Lewis acid]^{[QM(CO)J'^}y where Q is any ligand and need not 
be present, M is a transition metal selected from the group consisting of Groups 4, 5, 6, 
7, 8, 9 and 10 of the periodic table of elements, z is the valence of the Lewis acid and 
ranges from 1 to 6, w is the charge of the metal carbonji and ranges from 1 to 4 and y is 
a number such that w times y equals z, and x is a number such as to provide a stable 
anionic metal carbonyl for {[QM(CO)J'^}y, to form a product vAich comprises a 
mixture of 
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70. Acompomdhavkgtliestriactturdfoninik 




<^~^ Co(CO)4- 
'Bu S-Q tp 



(V) 



where *Bu is t-butyl and So is a neutral two electron donor. 

71. The compound of Claim 70 where the neutral two electron donor is 
tetrahydrofiiraoL 

72. A compouivd having ^e structural formula: 



'Sii So 




f 

Co. 



(vni) 



vJk&rQ the ^u is t-butyl and So is a neutial two electron donor, 

73 . The compound of Claim 72 where the neutral two electron donor is 
tetrahydrofiiran. 
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74. A compomd having the stmctural fi>rmuk: 




0 
id 



where *Bu is t-butyl and So is a neutral two electron donor. 

75. Tie compound of Claim 74 where the neutral two electron donor is 
tetrahydrofbran. 

76. A conipoimd having the structure: 




where THF is tetrahydiofiu-an and 'Bu is t-butyl 

77. The confound of Claim 76 where M is AL 

78. The compound of Claim 76 vAiero M is Cr. 
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TP. A confound having the structure: 




tea 



00 



where *Bu is t-butyl and So is a neutral two electron donor. 

80. The compound of Claim 79 where the neutral two electron donor is 
tetrahydrofiirao. 

81. A con^onnd having the structure: 



where Ph is pheuyl and So is a neutral two electron donor. 

82. The compound of Claim 8 1 where the neutral two electron donor is 
tetrahyrofiiran. 

83. 9-Oxa-bicyclo[6.2.0]decan-10-one. 

84. 13-Oxa-bicyclo[10.2.0]tetradecan- 14-one. 

85. Ihe process of Claim 1 T?vhere the [Lewis add]^ portion of the catalyst does 
not contain a neutral two electron donor. 



"Co(CO)4 




(XI) 



Ph 
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